Selective serotonin reuptake inhibitors (SSRIs) have been used to treat various psychiatric disorders. Although the cellular mechanisms underlying amelioration of particular symptoms are mostly unknown, recent studies have shown critical importance of the dentate gyrus of the hippocampus in behavioral effects of SSRIs in rodents. Here, we show that serotonin potentiates synaptic transmission between mossy fibers, the sole output of the dentate granule cells, and CA3 pyramidal cells in mouse hippocampal slices. This potentiation is mediated by activation of 5-HT 4 receptors and intracellular cAMP elevation. A chronic treatment of mice with fluoxetine, a widely used SSRI, bidirectionally modulates the 5-HT-induced potentiation: Fluoxetine enhances the potentiation induced by lower concentrations of serotonin, while attenuates that by the higher concentration, which represents stabilization of synaptic 5-HT action. In contrast to the chronic treatment, an acute application of fluoxetine in slices induces a leftward shift in the dose-response curve of the 5-HT-induced potentiation. Thus, acute and chronic fluoxetine treatments have distinct effects on the serotonergic modulation of the mossy fiber synaptic transmission. Exposure of mice to novel environments induces increases in locomotor activity and hippocampal extracellular 5-HT levels. In mice chronically treated with fluoxetine, the novelty-induced hyperactivity is reduced without significant alterations in home cage activity and motor skills. Our results suggest that the chronic fluoxetine treatment can stabilize the serotonergic modulation of the central synaptic transmission, which may contribute to attenuation of hyperactive behaviors.
Introduction
Selective serotonin reuptake inhibitors (SSRIs) have been widely used to treat various neurological disorders. Although SSRIs are often considered as the first-line treatment for mood and anxiety disorders, there is substantial heterogeneity in responsiveness of patients to SSRIs (Papakostas et al., 2008) , and cellular mechanisms underlying their therapeutic effects and side effects still remain mostly unknown. Because it generally takes several weeks for the therapeutic effects of SSRIs to develop, adaptive changes in the central serotonergic system and/or other signaling systems have been thought to be involved (Taylor et al., 2005) . To reveal the mechanism of action of SSRIs, it would be of critical importance to investigate cellular and synaptic changes associated with behavioral effects of chronic SSRI treatments in detail using experimental animals.
The hippocampus has been implicated in antidepressant and anxiolytic effects of SSRIs. There is dense projection of serotonergic fibers to the hippocampus (Jacobs and Azmitia, 1992) , and serotonin [5-hydroxytriptamine (5-HT)] has been shown to modulate neuronal excitability and/or synaptic transmission in all subregions of the hippocampus (Segal, 1981; Otmakhov and Bragin, 1982; Roychowdhury et al., 1994; Tokarski and Bijak 1996; Mlinar et al., 2001; Otmakhova et al., 2005) . The serotonergic system in the hippocampus is modulated by repeated SSRI treatments, which includes changes in effects of 5-HT application (Tokarski and Bijak 1996; Bijak et al., 1997) and serotonergic afferent stimulation (Chaput et al., 1991) , downregulation of the 5-HT transporter (Benmansour et al., 2002) , and enhanced tonic inhibition mediated by 5-HT 1A receptors (Haddjeri et al., 1998) . Chronic SSRIs are also known to enhance proliferation of neuronal precursor cells in the dentate gyrus (Malberg et al., 2000) , and this cytogenesis has been shown to be required for behavioral effects of SSRIs (Santarelli et al., 2003; Airan et al., 2007) . Given the importance of the dentate gyrus in the behavioral effects of SSRIs, it is worth investigating whether the chronic SSRI treatment affects the signal transmission between the dentate gyrus and the hippocampus proper mediated by mossy fibers. The mossy fibers play critical roles in regulation of excitability and plasticity in the CA3 region (Henze et al., 2002; Kobayashi and Poo, 2004) . We recently found that dopamine potentiates mossy fiber synaptic transmission via activation of D 1 -like receptors (Kobayashi and Suzuki, 2007) . Serotonin has been shown to enhance neuronal excitation evoked by mossy fiber stimulation (Otmakhov and Bragin, 1982) , and a ligand binding study has demonstrated that 5-HT 4 receptors are strongly expressed along the mossy fiber tract (Vilaró et al., 2005) . However, neither effects of 5-HT on the mossy fiber synaptic transmission nor receptors responsible for the effect of 5-HT have been elucidated. In the present study, we found that 5-HT potentiates the mossy fiber synaptic transmission via activation of 5-HT 4 receptors in mice. We further examined a possible association between the serotonergic modulation of the mossy fiber synaptic transmission and behavioral changes induced by the chronic SSRI treatment.
Materials and Methods
Animals. Adult male mice (8 -15 weeks of age) were used in all experiments. To characterize effects of 5-HT on the mossy fiber synaptic transmission, outbred ddY mice were initially used (see Figs. 1-3 ; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Because outbred mice are less likely to have strain-specific features than inbred mice, outbred mice were considered to be suitable for the initial study. Essential points were then reexamined using inbred C57BL/6J mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Effects of fluoxetine treatments on behaviors were examined using inbred C57BL/6J mice (see Fig. 4 ), because inbred mice show lower behavioral variability than outbred mice in general. All other experiments were also performed using C57BL/6J mice (see supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Electrophysiology. Mice were decapitated under halothane anesthesia and both hippocampi were isolated. Transverse hippocampal slices (370 -380 m) were cut using a tissue slicer (Vibratome 3000plus; Vibratome) in ice-cold saline (see below). Slices were then incubated for 30 min at 30°C and maintained in a humidified interface holding chamber at room temperature (24 -27°C) before recordings.
Electrophysiological recordings were made from slices in a submersion-type chamber superfused at 2 ml/min with saline composed of the following (in mM): 125 NaCl, 2.5 KCl, 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 , 11 glucose, 2.5 CaCl 2 , 1.3 MgCl 2 (equilibrated with 95% O 2 /5% CO 2 ). Bath temperature was maintained at 27.0 -27.5°C using an automated temperature controller. Bipolar tungsten stimulating electrodes were placed in the dentate gyrus granule cell layer to activate mossy fibers. Field EPSPs (fEPSPs) arising from mossy fiber synapses were recorded from the stratum lucidum using a glass pipette filled with 2 M NaCl. Single electrical stimulation was delivered at a frequency of 0.05 Hz unless otherwise specified. The method for identifying and analyzing mossy fiber fEPSPs was described previously in detail (Kobayashi et al., 1999; Kobayashi and Suzuki, 2007) . Briefly, in the present study, large paired-pulse facilitation (Ͼ2.5-fold) was routinely used as a criterion for the mossy fiber input. This criterion was verified by Ͼ85% block of fEPSP amplitude by an agonist of group II mGluRs (metabotropic glutamate receptors), (2S,2ЈR,3ЈR)-2-(2Ј,3Ј-dicarboxycyclopropyl)-glycine (DCG-IV) (1 M) (see Fig. 1 A) . The block by DCG-IV was the sole criterion for the mossy fiber inputs in whole-cell recordings and in electrophysiological examination of fluoxetine-treated mice (see below). Whole-cell recordings were made from CA3 pyramidal cells by using the blind whole-cell patch-clamp technique. The membrane potential was clamped at ϩ35 to ϩ40 mV using a pipette filled with a solution composed of the following (in mM): 140 CsCl, 20 HEPES, 8 NaCl, 2 MgATP, 0.3 Na 2 GTP, 0.5 EGTA, 0.05 CaCl 2 , pH adjusted to 7.2 with CsOH. EPSCs mediated by NMDA receptors were recorded in the voltage-clamp mode in the presence of 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) (1 M) and picrotoxin (100 M). Series resistance (10 -20 M⍀) was monitored during the recording, and data were discarded when it changed Ͼ15%. All recordings were made using a Multiclamp 700B amplifier (Molecular Devices), filtered at 2 kHz and stored in a personal computer via an interface (digitized at 5-10 kHz). All procedures were approved by the institutional Animal Care and Use Committee.
Home cage activity monitoring and fluoxetine treatment. Mice (8 weeks of age) were singly housed in the institutional standard condition (14:10 light/dark cycle; lights on at 6:00 A.M. through 8:00 P.M.) and the horizontal activity of mice in the home cages was monitored (ImageJ HC8; O'Hara and Co., Ltd.). All mice received food and water ad libitum, and fluoxetine was applied in the drinking water (Dulawa et al., 2004) . The fluoxetine solutions were prepared every other day. The concentration of fluoxetine was determined based on the averaged daily amount of the water consumption so that mice would take 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 of fluoxetine and adjusted for a gradual drift in the amount of the water consumption during the course of the treatment. Although mice were housed in isolation in cages with opaque walls, the activity of mice during the light period is supposed to be affected by external stimuli such as noise made by workers in the animal facility. Therefore, in quantitative analyses, effects of fluoxetine on the activity during the dark period (nocturnal activity) were assessed (see Fig. 4 A) .
Behavioral experiments. Mice were transferred to a behavioral testing room at 10:30 A.M. They were allowed to acclimatize to the environment of the room for at least 3 h before starting behavioral tests at 1:30 P.M. Room temperature was kept at 24 Ϯ 0.5°C. Locomotor activity was examined using an open-field test. The open-field apparatus composed of opaque white walls and a floor (50 ϫ 50 ϫ 50 cm) was illuminated at an intensity of 40 lux. Each mouse was placed in the center of the open-field arena, and then locomotor (horizontal) activity was monitored for 20 min via a CCD camera positioned above the apparatus. The ambulatory distance and relative time spent in the central zone were measured. To calculate relative time spent in the center, the floor of the apparatus was divided into 25 squares and time spent in the central nine squares was measured. Vertical activity was assessed by measuring the number and duration of infrared photobeam interruption. The open-field arena was thoroughly cleaned with a hypochlorous acid solution (ϳ15 ppm), pH 5-6.5, before each test. All records were stored on a PC and analyzed using software based on the public domain NIH Image (Image OF; O'Hara and Co., Ltd.).
Motor skills were tested with an accelerating rotarod test. The rotarod apparatus consisted of a rotating rod (3.2 cm in diameter and 8.6 cm in width) and an infrared photobeam sensor to detect the fall of the mouse from the rod (O'Hara and Co., Ltd.). Mice had to walk forward to maintain balance on the rod. In each trial, the mouse was placed on the rod rotating at 4 rpm and allowed to habituate for 30 s. The speed of the rotation then increased to 40 rpm over 5 min and the latency to fall was measured. The trials were repeated five times at an interval of 60 -70 min.
In vivo microdialysis. Three to 10 d before microdialysis experiments, a guide canula (AG-4; EICOM) was stereotaxically implanted into the right ventral hippocampus of mice (10 -13 weeks of age) according to the atlas of Paxinos and Franklin (2004) : anterior-posterior, Ϫ2.8 mm from the bregma; lateral, 3.0 mm from the midline; dorsal-ventral, Ϫ2.5 mm from the skull surface. On the day of the experiment, a microdialysis probe with 2-mm-long membrane (A-I-4-2; EICOM) was placed in the ventral hippocampus through the implanted guide canula. The probe was then continuously perfused with Ringer's solution (147 mM NaCl, 4 mM KCl, 3 mM CaCl 2 ) at a rate of 1.0 l/min using a gastight syringe pump (ESP-64; EICOM). Mice were placed in the home cages and allowed to move freely using the free-moving system with a rotating swivel (TCS2-23; Tsumura). Microdialysis sampling was started Ͼ2 h after the probe insertion. Perfusate was collected every 5 min and automatically injected into an HPLC equipped with an electrochemical detection (HTEC-500; EICOM). Serotonin was separated on a column (EICOM-PAK pp-ODS 30 ϫ 4.6 mm; EICOM) kept at 25°C and detected using EPC-500 (EICOM) with applied potential of 400 mV. The mobile phase composed of 0.1 M sodium phosphate buffer, pH 6.0, containing 500 mg/L sodium 1-decanesulfonate, 50 mg/L EDTA-2Na, and 1% methanol. Serotonin concentrations in the perfusate were calculated by Power Chrom software (EICOM). The probe placement in each mouse was verified by examining the coronal brain sections after the experiment. Only data obtained from mice with the proper probe placement were included.
Drugs. Fluoxetine, dopamine, and picrotoxin were purchased from Wako Pure Chemical Industries.
, and (1-butyl-4-piperidinyl-)methyl-8-amino-7-chloro-1,4-benzodioxane-5-carboxylate hydrochloride (SB204070) were from Sigma-Aldrich.
Statistics. All values are expressed as means Ϯ SEM. Statistical significance was evaluated by two-tailed Student's t test, paired t test, one-way ANOVA, or two-way repeated-measures ANOVA with the significance level of p Ͻ 0.05.
Results

Serotonin-induced potentiation of mossy fiber synaptic transmission
We first examined whether 5-HT can modulate mossy fiber-CA3 synaptic transmission using mouse hippocampal slices. This initial characterization was performed using outbred ddY mice (see Materials and Methods). Bath-applied 5-HT at 5 M induced robust potentiation of the amplitude of fEPSPs at the mossy fiber synapse (to 157.2 Ϯ 8.1% of baseline; n ϭ 7) ( Fig. 1 A, B ). This potentiation was mostly reversible (Fig. 1 B) and increased in magnitude in a concentration-dependent manner ( Fig. 1 D) . When 5-HT was applied at 30 M, the amplitude of fEPSPs started to decline or desensitize during 5 min application (Fig. 1C) . The apparent desensitization was also observed during the prolonged application of a lower concentration (5 M) of 5-HT (data not shown). In voltage-clamped CA3 pyramidal cells, 5-HT potentiated the amplitude of EPSCs recorded in the presence of picrotoxin, a blocker of GABA A receptors ( Fig. 1 E, F ) . This potentiation was accompanied by a reduction in paired-pulse facilitation ratios of the EPSC amplitude (to 87.3 Ϯ 4.0% of baseline ratio; n ϭ 6; p Ͻ 0.05) (Fig. 1 E) . The reduction of the synaptic facilitation was also observed during the 5-HT-induced potentiation of fEPSPs (data not shown). These results indicate that 5-HT induces potentiation of the excitatory synaptic transmission at the mossy fiber synapse that is independent of the synaptic inhibition and is probably expressed through an increase in presynaptic transmitter release probability.
Next, we pharmacologically examined the subtype of 5-HT receptors responsible for the synaptic potentiation. It has been shown that 5-HT 4 receptors are abundantly expressed in the dentate gyrus and along the mossy fiber tract (Vilaró et al., 2005) . A selective blocker of 5-HT 4 receptors, GR125487 (20 nM), completely suppressed the 5-HT-induced potentiation and unveiled small, but significant, synaptic depression (to 90.5 Ϯ 2.5% of baseline; n ϭ 8; p ϭ 0.0085) (Fig. 2 A) . GR125487 had no significant effects on the basal synaptic transmission or paired-pulse facilitation (data not shown). Another selective antagonist of 5-HT 4 receptors, SB204070 (50 nM), similarly suppressed the 5-HT-induced potentiation (90.8 Ϯ 3.6% of baseline; n ϭ 5). An agonist of 5-HT 4 receptors, zacopride (5 M), induced robust potentiation that was also blocked by GR125487 (Fig. 2C) . These results indicate that the 5-HT-induced potentiation is mediated by 5-HT 4 receptors. The 5-HT-induced synaptic depression observed in the presence of GR125487 is likely mediated by 5-HT 1A receptors, because it was blocked by a selective 5-HT 1A receptor antagonist, WAY100635 (50 -100 nM) (100.7 Ϯ 2.8% of baseline; n ϭ 6) (Fig. 2 B) , and a selective 5-HT 1A receptor agonist, 8-OH-DPAT (5 M), also induced small synaptic depression (to 92.5 Ϯ 2.4% of baseline; n ϭ 7). The zacopride-induced potentiation was smaller in magnitude than that by 5-HT, which is consistent with the previous study reporting the partial agonist-like nature of zacopride (Elswood et al., 1991) , and poorly recovered after prolonged washout of the drug. GR125487 applied 15 min after the zacopride application failed to reverse this lasting phase of the zacopride-induced potentiation (data not shown). These differences in the effects between 5-HT and zacopride might represent distinct active receptor states induced by different ligands (Kenakin, 2003) .
Because 5-HT 4 receptors are coupled to Gs-adenylate cyclase cascades (Barnes and Sharp, 1999) , we next examined the involvement of cAMP in the 5-HT-induced potentiation. Bathapplied forskolin, an adenylate cyclase activator, induced remarkable potentiation of the mossy fiber synaptic transmission (Fig. 3A) as reported previously (Weisskopf et al., 1994; Kobayashi and Suzuki, 2007) . The magnitude of the 5-HT-induced potentiation was greatly reduced in the presence of forskolin compared with that before the forskolin application in the same slice (Fig. 3 A, B) , suggesting that forskolin occluded the potentiating effect of 5-HT. In the presence of forskolin, long-lasting depression followed the 5-HT-induced potentiation (Fig. 3B) . Although we did not further characterize this depression, it seemed to be associated with the 5-HT 1A -dependent synaptic depression (see C57BL/6J experiments described below). We then examined effects of an inhibitor of cAMP-specific phosphodiesterases, Ro-20-1724. Ro-20-1724 by itself induced small synaptic potentiation (115.3 Ϯ 3.5% of baseline; n ϭ 6; p ϭ 0.0071) as previously reported (Kobayashi and Suzuki, 2007) , and also concomitantly reduced the paired-pulse facilitation ratio (96.4 Ϯ 1.0% of baseline ratio; n ϭ 6; p ϭ 0.013). In the presence of Ro-20-1724, the 5-HT-induced potentiation was clearly augmented (Fig. 3C) . In the absence of forskolin or Ro-20-1724, the effects of 5-HT were indistinguishable between the first and second application (Fig. 3D) . We recently found that dopamine also induces synaptic potentiation at the mossy fiber synapse via activation of Gs-coupled D 1 -like receptors (Kobayashi and Suzuki, 2007) . In the presence of dopamine, the magnitude of the 5-HT-induced potentiation was greatly reduced (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), suggesting that 5-HT shares the signaling pathway with dopamine for the generation of the synaptic potentiation. Together, these results suggest that the 5-HT-induced potentiation is mediated by the intracellular cAMP elevation.
We then reexamined the 5-HT-induced potentiation of mossy fiber synaptic transmission using C57BL/6J mice, because effects of the SSRI fluoxetine on behaviors and the mossy fiber synapse were investigated in this inbred strain (see below). In C57BL/6J mice, bath-applied 5-HT induced robust potentiation at the concentration range similar to that in ddY mice (supplemental Fig.  2 A, available at www.jneurosci.org as supplemental material). Although the potentiation in C57BL/6J was slightly larger in magnitude than that in ddY mice, it was completely suppressed by GR125487 (supplemental Fig. 2 B, available at www. jneurosci.org as supplemental material) and also by SB204070 (data not shown). Bath-applied zacopride induced clear synaptic potentiation that was also suppressed by GR125487 (supplemental Fig. 2C , available at www.jneurosci.org as supplemental material). Furthermore, in the presence of forskolin, the 5-HTinduced potentiation was greatly reduced (supplemental Fig. 2 D, available at www.jneurosci.org as supplemental material). These results suggest that 5-HT potentiates mossy fiber synaptic transmission through the activation of 5-HT 4 receptors and the intracellular cAMP elevation in C57BL/6J mice as well as in ddY mice. Unlike ddY mice, synaptic depression was not clearly seen either in the presence of GR125487 or in forskolin. Thus, 5-HT has only potentiating effects on mossy fiber synapse in C57BL/6J mice.
Effects of chronic fluoxetine treatment on behavior and mossy fiber synaptic transmission
The 5-HT-induced potentiation found in this study would be a potential site for action of chronic SSRIs. Therefore, we next examined effects of fluoxetine, a widely used SSRI, on the mossy fiber synaptic transmission and also on behaviors using C57BL/6J mice. We first characterized behavioral effects of the fluoxetine treatment. Because behavioral effects of antidepressant drugs including SSRIs depend on strains of mice used and doses of the drugs (Lucki et al., 2001; Dulawa et al., 2004) , the behavioral analysis is supposed to be prerequisite for evaluating functional meanings of cellular changes caused by these drugs in a given condition. While monitoring activity of mice in their home cages over 2 weeks, fluoxetine was applied in the drinking water at a dose of 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 . During the fluoxetine treatment, the nocturnal home cage activity was slightly reduced, but there was no statistically significant difference between the control and treated mice (Fig. 4 A) . There was a trend that the activity at the beginning of the dark period is reduced in the treated mice (Fig.  4 B) . After the treatment for 2 weeks, we performed a series of behavioral tests. In the fluoxetine-treated mice, the open-field locomotor activity was clearly reduced (8896 Ϯ 456 cm in control; 6681 Ϯ 386 cm in fluoxetine; n ϭ 8 each; p ϭ 0.0023) (Fig.  4C ) with no significant changes in the time spent in the center of the field (17.3 Ϯ 4.0% in control; 18.7 Ϯ 1.8% in fluoxetine) or in the vertical activity (data not shown). Motor skills assessed by a rotarod test were not significantly affected in the fluoxetinetreated mice (Fig. 4 D) . There were no detectable changes in anxiety-related behaviors assessed by a light/dark transition test and an elevated plus-maze test or a depression-related behavior assessed by a forced-swim test (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These results suggest that the chronic fluoxetine treatment at 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 in C57BL/6J mice primarily reduces the activity of these mice in novel environments or reactivity of the mice to changes in environments.
Using these fluoxetine-treated mice, we next examined whether the 5-HT-induced potentiation of the mossy fiber synaptic transmission was changed after the treatment. In the fluoxetine-treated mice, the effect of 1 M 5-HT was markedly augmented (Fig. 5A) . Conversely, however, the synaptic potentiation induced by 5 M 5-HT was significantly reduced in the treated mice (Fig. 5B) . As shown in Figure  5C , the dependence of the synaptic potentiation on 5-HT concentrations was greatly blunted in the fluoxetine-treated mice compared with the control mice. There were no changes in the magnitude of paired-pulse facilitation at an interval of 50 ms (2.75 Ϯ 0.11 in control; 2.67 Ϯ 0.09 in fluoxetine) or 1 s (1.60 Ϯ 0.02 in control; 1.58 Ϯ 0.02 in fluoxetine) (n ϭ 8 -12). The basal synaptic efficacy evaluated by the ratio of the fEPSP amplitude to presynaptic fiber volley amplitude was also unaffected (data not shown). Therefore, the alterations in the 5-HT effects are not attributable to changes in the transmitter release probability from the mossy fiber terminals.
We also examined acute effects of fluoxetine on the 5-HT-induced potentiation in hippocampal slices. Bath-applied fluoxetine at 1 and 3 M enhanced the synaptic potentiation induced by 1 M 5-HT in a concentration-dependent manner (Fig.  6 A, C) . However, fluoxetine did not significantly affect the peak magnitude of the potentiation induced by 5 M 5-HT (Fig.  6 B, C) , although it accelerated a rise of the potentiation. As shown in Figure 6 D, the acute fluoxetine application at 3 M induced a leftward shift in the dose-response curve of the 5-HTinduced potentiation by about an order of magnitude, which is clearly different from the effects caused by the chronic fluoxetine treatment (Fig. 5) . Thus, the acute and chronic fluoxetine treatments have distinct effects on the serotonergic modulation of the mossy fiber synaptic transmission.
Extracellular 5-HT levels in hippocampus of behaving mice
The significant effect of chronic fluoxetine on the open-field activity suggests that the serotonergic transmission in vivo, possibly in the hippocampus, may be activated in novel environments. To directly test this possibility, we examined by in vivo microdialysis whether extracellular levels of 5-HT in the hippocampus are changed on exposure to novel environments in behavioral testing naive mice. The hippocampal extracellular 5-HT level was quite stable while mice were in their home cages (Fig. 7) . When mice were transferred to the open field as in the behavioral experiments, the extracellular 5-HT level was markedly increased (Fig.  7 ). The 5-HT level started to decline while mice were placed in the open field and there was no marked increase when they were returned to the home cages. These results suggest that the serotonergic transmission in the hippocampus is enhanced when mice are exposed to novel environments.
Discussion
In the present study, we found that 5-HT potentiates the hippocampal mossy fiber-CA3 synaptic transmission via activation of 5-HT 4 receptors. This finding is consistent with the previous observations that 5-HT increases neuronal excitation evoked by mossy fiber stimulation (Otmakhov and Bragin, 1982) and that the high level of 5-HT 4 receptor ligand binding is localized along the mossy fiber pathway (Vilaró et al., 2005) . The chronic fluoxetine treatment bidirectionally modulated the 5-HT-induced potentiation in a manner dependent on the concentrations of 5-HT. In the fluoxetine-treated mice, the activity in the novel environment, but not in the familiar environment, was reduced. Our results suggest that the chronic fluoxetine treatment can stabilize the serotonergic modulation of the mossy fiber synaptic transmission, which could be a potential cellular basis for the attenuation of the novelty-induced hyperactivity.
The hippocampus proper receives direct and indirect synaptic inputs from the entorhinal cortex. The direct cortical input is inhibited by 5-HT (Otmakhova et al., 2005) , whereas the indirect input via the dentate gyrus is potentiated at the mossy fiber synapse. The synaptic transmission between hippocampal pyramidal cells is unaffected or inhibited by 5-HT (Tokarski and Bijak 1996; Mlinar et al., 2001) . Serotonin also changes excitability of the pyramidal cells and its immediate effects are mostly inhibitory (Segal, 1981; Roychowdhury et al., 1994; Tokarski and Bijak, 1996) . Thus, in the presence of 5-HT, a relative contribution of the mossy fiber input to excitation of the pyramidal cells is increased. In other words, 5-HT highlights the cortical information that has been processed by the dentate gyrus. It has been proposed that the dentate granule cells and CA3 pyramidal cells are involved in disambiguation of differences in sensory input patterns. Although minimal changes in the environment influence correlated firing patterns of granule cells, relatively large changes in the environment can recruit distinct cell populations in the CA3 region (Leutgeb et al., 2007) . The mossy fiber input plays critical roles in regulation of excitability of CA3 pyramidal cells (Henze et al., 2002; Kobayashi and Poo, 2004) . Because changes in environments can increase hippocampal extracellular 5-HT levels (Fig. 7) , the 5-HT-induced potentiation of the mossy fiber synaptic transmission may contribute to such environmentdependent changes in activity of CA3 pyramidal cells.
The chronic treatment of animals with SSRIs or antidepressant drugs has diverse effects on the central serotonergic system (Stahl, 1998; Taylor et al., 2005) . In the present study, the chronic fluoxetine treatment caused the bidirectional change in the 5-HT-induced potentiation: The potentiation induced by the lower concentrations of 5-HT was enhanced, whereas that induced by the higher concentration of 5-HT was reduced (Fig. 5) . The enhancement of the potentiation by the lower concentrations of 5-HT can be explained by downregulation of the 5-HT transporters (Benmansour et al., 2002) , because the acute block of the 5-HT transporters by bath-applied fluoxetine had similar enhancing effects. However, if the downregulation of the transporters solely occurs, the dose-response curve of the 5-HT-induced potentiation is supposed to shift leftward as seen in the acute block of the transporters (Fig. 6) . Thus, the transporter downregulation cannot solely explain the bidirectional change in the 5-HT effects observed after the chronic fluoxetine treatment. The reduction of the potentiation by the higher concentration of 5-HT could be attributable to downregulation of 5-HT 4 receptors. It is also possible that upregulation of phosphodiesterases (Ye et al., 2000) contributes to the reduction of the potentiation, because the potentiating effect of 5-HT was augmented by the phosphodiesterase inhibitor (Fig. 3C) .
We recently showed that the mossy fiber synaptic transmission is associated with the open-field activity (Kobayashi et al., 2006) . Consistently, in the present study, we found that the chronic fluoxetine treatment modifies the open-field locomotor activity as well as the 5-HT-induced potentiation of the mossy fiber synaptic transmission. Hippocampal serotonin levels are positively correlated with animal activity (Linthorst et al., 1994) . A systemic application of 5-HT 4 receptor antagonists reduces locomotor activity (Fontana et al., 1997) antagonists induces hyperlocomotion and hypolocomotion, respectively (Takahashi et al., 2002) . The 5-HT-induced potentiation of the mossy fiber synaptic transmission was exclusively mediated by 5-HT 4 receptors ( Fig. 2; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Together, these lines of evidence suggest that the activation of 5-HT 4 receptors at the mossy fiber synapse can lead to an increase in the locomotor activity. The greatly blunted dose-response curve in the fluoxetine-treated mice (Fig. 5C) indicates that the mossy fiber synapse is less sensitive to changes in 5-HT concentrations around the apparent EC 50 value in these mice than in the control mice. The exposure of mice to the open field increased the locomotor activity (Fig. 4) and the extracellular 5-HT level in the hippocampus (Fig. 7) . The reduced sensitivity of the mossy fiber synapse to the 5-HT elevation may play a part in the reduction of the open-field activity in the fluoxetine-treated mice. The central serotonergic adaptation has been hypothesized to be involved in delayed therapeutic effects of antidepressant drugs. The leading hypothesis is that the chronic antidepressant causes desensitization or downregulation of inhibitory autoreceptors, which leads to tonic enhancement of serotonergic transmission (Stahl, 1998) . This model can well explain elevation of basal levels of 5-HT (Yoshioka et al., 1995) and enhancement of 5-HT 1A receptor-mediated tonic inhibition (Haddjeri et al., 1998) in the hippocampus after chronic antidepressant treatments. The elevation of basal 5-HT levels may cause desensitization of 5-HT 4 receptors at the mossy fiber synapse, which may help attenuate the effects of the novelty-induced rise in 5-HT on the mossy fiber synapse.
It has been shown that behavioral effects of antidepressant drugs including fluoxetine depend on the strain of mice (Lucki et al., 2001; Dulawa et al., 2004) . In the present study, we did not observe clear effects of chronic fluoxetine on the depression-related behavior in C57BL/6 mice. Dulawa et al. (2004) also showed that the chronic oral fluoxetine treatment at the same dose as used in our study did not affect the depression-related behavior in C57BL/6 mice, but caused a reduction in the open-field activity, although it was less obvious than the effect observed in our study. They further showed that the same treatment in BALB/c mice did not affect the openfield locomotor distance, but reduced the depression-and anxiety-related behaviors. Using BALB/c mice, we also examined whether the chronic fluoxetine treatment changes the 5-HTinduced potentiation of the mossy fiber synaptic transmission, but failed to detect robust effects (our unpublished observation). In BALB/c mice, the neurogenesis in the dentate gyrus is neither increased by fluoxetine nor required for behavioral effects of fluoxetine (Holick et al., 2008) . Together, the dentate gyrus does not seem to be the critical site for action of fluoxetine in the BALB/c strain. Additional investigation of the diversity in effects of antidepressant and anxiolytic drugs in experimental animals would provide important information in revealing neuronal bases for individual differences in reactivity to these drugs in humans.
Serotonergic dysfunction has been implicated in various neurological disorders (Stahl, 1998) . Because 5-HT can be released in the CNS in response to changes in environments (Fig. 7) and to other stimuli (Rueter and Jacobs, 1996) , dysregulated serotonergic functions may cause aberrant reactivity to external stimuli. Assuming that chronic SSRIs can bidirectionally modify the human central serotonergic system in a manner similar to that observed in the present study, SSRIs may improve both hypofunction and hyperfunction of the serotonergic system by stabilizing the serotonergic synaptic modulation. This hypothesis can explain why SSRIs are applicable to a broad spectrum of neurological disorders. SSRIs have been commonly used to treat anxiety disorders including panic disorder. It has been shown that the hippocampal glucose utilization is associated with panic disorder (Nordahl et al., 1990; Sakai et al., 2006) . The robust effect of chronic fluoxetine on the open-field activity observed in the present study may be related to therapeutic effects of SSRIs on panic disorder with agoraphobia, although the lack of significant changes in the anxiety-related behaviors argues against this idea. It has been reported that SSRI can improve symptoms of attention-deficit hyperactivity disorder (ADHD) (Quintana et al., 2007) . Polymorphisms of the 5-HT 4 receptor gene are associated with ADHD (Li et al., 2006) . We showed that the 5-HTinduced potentiation at the mossy fiber synapse is mediated by 5-HT 4 receptors. Thus, drugs that could stabilize the serotonergic modulation at the mossy fiber synapse (e.g., 5-HT 4 receptor partial agonists) might be effective in treating ADHD and hyperactive symptoms in other psychiatric disorders. This idea is supported by the recent finding that application of the 5-HT 4 receptor partial agonist 1-(4-amino-5-chloro-2-methoxyphenyl)-3-[1-butyl-4-piperidinyl]-1-propanone hydrochloride (RS 67333) in rats induces antidepressant-like effects including a reduction of hyperactivity caused by the olfactory bulbectomy (Lucas et al., 2007) . It should also be noted that the effects of RS 67333 developed faster than those of the SSRI citalopram. Together, the stabilization of the central serotonergic transmission might play a critical role in behavioral or therapeutic effects of SSRIs and other drugs acting on the serotonergic system.
